The problem of applicability of thermodynamics to small objects has been investigated. It is shown that the Gibbs surface phase method may be extended to nanoparticles if the e¬ective surface tension (the speci c excess free energy) is interpreted as a function of the particle radius.
Introduction
On one hand, the history of science demonstrates a belief in the universal nature of thermodynamics whose scope excludes individual microscopic objects [1] [2] [3] but includes large systems such as black holes and the entire Universe [4] . On the other hand, some scientists are skeptical of the validity of thermodynamic relationships including those found on the basis of the Gibbs surface phase method. Such a criticism seems to be justi¯able in some cases but not in general.
The laws of thermodynamics were formulated as phenomenological laws about observable and operationally de¯ned quantities. One of the main points of classical thermodynamics is that the thermodynamic approach is applicable to macroscopic systems only, i.e. to systems containing great number of molecules, atoms, ions etc. From this point of view, a single small object, including a nanosized droplet and a nanocrystal, does not satisfy the de¯nition of the macroscopic thermodynamic system. At the same time, an ensemble of many small objects will be a macroscopic system [2] . Such an ensemble may be rather speculative or correspond to a real dispersed system (aerosol, micro-emulsion, composed material etc.). However, if the system is monodispersed (a contemporary example is an ensemble of the same, in a well-de¯ned approximation, working elements in micro-or nanoelectronics), the treatment may be reduced to the investigation of a single modeling ensemble element. Introducing adequately de¯ned distribution functions, the polydispersed systems may be also replaced (at least in a¯rst approximation) by a modeling monodispersed one. So, extension of thermodynamic methods to very small objects, including nanoparticles seems possible but faces many principal di±culties.
It is also noteworthy that, in the context of some modern experimental techniques such as the atomic force microscopy, the thermodynamic method is equally promising as a theoretical and empirical description of the experimentally investigated nanosystems. Indeed in many cases, experimental data on nanoparticle properties are rather scanty and contradictory. Thus if the particle is not entirely rigid, the experimental arrangement can have an e®ect on the object under investigation. Our Monte Carlo computer experiments [5] demonstrated that the tip of the atomic force microscope can have a noticeable e®ect on a nanodroplet in the space between the tip and the solid substrate. Hence di±culties of principle inevitably occur not only at the thermodynamic treatment but also at the experimental study of very small objects. Consequently, thermodynamic analysis may be useful to compliment, testify and generalize experimental results on properties of nanoparticles and phenomena in nanosystems.
The above mentioned Hill ensemble method [2] does not use the notion of surface tension at all. It results in a rather formal nature of the Hill approach in view of its practical applications. One of the alternative methods is a synthesis of the Hill ensemble concept and the Gibbs surface phase method.
2 Extension of the Gibbs surface phase method to arbitrarily small objects
In development of the Gibbs method [1] , R. Tolman [4] derived the well-known equation
where ® 1 is the macroscopic value of the surface tension ® , R s is the surface of tension radius,¯> 0 is the Tolman length de¯ned in [3] as the distance between the equimolecular dividing surface and the surface of tension for the°at interface. The surface of tension corresponds to the minimal value of the function ® (R) whereas the equimolecular dividing surface is de¯ned as the surface for which the auto adsorption (i.e. the excess number of molecules in the interfacial region in comparison with that in the bulk phases extended up to the dividing surface) is zero. At the same time, the value of¯should be less than the e®ective molecular diameter a (according to [6] ,¯º a/3). Hence, in what follows the subscript s will be omitted (R = R s º R e , where R e is the radius of the equimolecular dividing surface). Neglecting in (1) all the terms smaller than the¯rst order, we obtain the asymptotic
of the Tolman formula (1) . The experimental investigation [7] of molecular systems, con¯rm in general, the Tolman formula (2) . At the same time, for other systems, e.g. for metal melt particles, the problem of the size dependence of the surface tension is much less investigated. Application of various variants of the theory of the energetic functional of non-uniform electron-ionic systems, gives for ® (R) inconsistent results [8] .
For very small droplet radii, Rusanov [9] obtained the following asymptotic (at
where, K is the proportionality coe±cient depending on the temperature. Noteworthy that Eq. (3) was obtained in framework of thermodynamics and is therefore expected to be applicable both to molecular liquids and high temperature melts. However, the validity of Eq. (3) has not been investigated. Long before the modern theoretical and practical interest in nanoparticles and nanoscience, A.I. Rusanov [9] noted that J.W. Gibbs [1] believed in the applicability of the surface phase method to small objects of arbitrary size. In general, the results presented in this paper con¯rm the above observation. At the same time, in extending the Gibbs method to nanoparticles, there are many di±culties of principle.
According to Gibbs method, the Helmholtz free energy F , the Gibbs free energy G and the other characteristic functions of the two phase heterogeneous system may be presented as the sum of the bulk (
where,
correspond to the free energy of the i-th bulk phase (in the case under consideration i = 1; 2). The bulk terms F 
is proportional to the surface area A:
where, ¼ is the speci¯c surface free energy coinciding with the surface tension ® for the equimolecular dividing surface.
For the nanosized region, however, the conventional Gibbs thermodynamics breaks down because of the indistinguishability of the bulk and surface regions. The problem under consideration may be eliminated if, following [10] , the excess free energy Ã is attributed to the small object as a whole rather than to the interface and de¯ned relative to the same volumes V 1 and V 2 of the bulk phases 1 and 2, i.e. relative to the maternal phases by Rusanov [9] . A more general concept of the`reference phase' may be used if there is no bulk phase structurally similar to the small object. For example, a small object with the fractal structure can be compared with the volume of a nonfractal bulk phase containing the same number of molecules.
Then, Eq. (5) and the notion of the speci¯c excess free energy ¼ may be extended to very small particles if ¼ is de¯ned as Ã/A and, in the general case, interpreted as an e®ective quantity depending on the particle size and form. In the case of low asphericity, when the small object may be adequately characterized by a single geometrical parameter, i.e. by the e®ective radius R, ¼ = ¼ (R).
For the single component droplet-vapor and crystal-vapor systems in the vicinity of the melting temperature, N 2 << N 1 . Thus R may be de¯ned from the equation
is the number of molecules density in the bulk phase 1. Such a de¯nition of the particle radius R corresponds to the equimolecular dividing surface in the conventional Gibbs method.
3 Evaluation of speci¯c excess free energy of small particles from thermodynamic perturbation theory
In [10] the excess free energy of the small droplet when R >> a was evaluated on the basis of the thermodynamic perturbation theory (TPT) [11] . As a result, the next simple binomial expression
was obtained which coincides with the Tolman formula (2) at¯= a/2. In [12] [13] [14] and in the present work, a more general approach has been developed. According to TPT, the excess free energy F ¡ F 0 (relative to the free energy F 0 of a basic unperturbed system may be recognized as the average perturbation energy h¢U i found on the basis of the unperturbed Gibbs distribution.
The simplest illustration of the evaluation of the excess free energy Ã is the case of the small object in the low density medium, particularly, to a droplet or a crystal in the vapor-gaseous environment at temperature T << T m where T m is the meltingpoint. In this case
where the perturbation energy ¢U is obtained by replacing the in¯nitely extended reference phase by the spherical volume V 1 = (4=3) ¢ º R 3 (in the simplest case from the bulk liquid or the bulk solid into the gaseous vapor medium). It must be stated that for the small object, the number of molecules N becomes a more de¯nite parameter than the particle radius R de¯ned from the equation N = n 1 (4/3) ¢ º R 3 .
In the case of a small droplet, ª = ¡ hU ll i/2, where U ll is the energy of interaction of the spherical volume chosen in the bulk maternal phase with its surrounding. For computer calculation of hU ll i, the following reduced variables have been used: the reduced intermolecular distance r ¤ = r/a, the reduced density in the bulk liquid phase n
the reduced pair potential © ¤ = ©/4" l (" l is its energetic parameter) and the reduced energy U ¤ ll = U ll /4" l . The¯nal expression [12] [13] [14] for the averaged perturbation energy hU
where g (r 
where k is the Boltzmann constant. For molecular°uids the simplest approximation for the radial distribution function, namely, g (r It was shown in [15] that in a wide temperature interval (from the triple point up to the critical area), the radial distribution function may be adequately described by the following analytical model
The expression in square brackets corresponds to the expansion of the density dependent factor y (r) of the radial distribution function in the basis functions ¹ ® i (r; d) where d is the e®ective diameter of the hard sphere. As this expression in brackets does not depend on the pair potential ©(r), the radial function for metal melts may be expressed in terms of the radial function for the Lennard-Jones system g LJ (r) at the same temperature T :
The computational results for the reduced surface tension
of the reduced Lennard-Jones droplet radius R ¤ = R/a are presented in Fig. 1 Table 1 Values of the parameters of the size-dependencies (2) and (3) based on results of the computer calculations of ¼ (R). ¤ RISM model is used the reduced dependencies ¼ ¤ (R ¤ ) for the Lennard-Jones°uid, water and aluminum melt are found to be very similar. For Lennard-Jones droplets pair potential parameters: a = 5; 769 ¢ 10 ¡10 m and "/k = 345K [16] were used which correspond to n-Pentane.
As can be seen from Fig. 1 , the results agree with formulas (1) and (3). However, the calculated values of ¼ 1 for all molecular°uids are overestimated. For aluminum melt droplets at the melting temperature, calculations have been carried out using the Shi® potential [17] . From Table 1 , it is also observed that, contrary to the Tolman length , the calculated values of the parameters K and ¼ 1 agree in order of magnitude with the available experimental data. It should be stated that the experimental values ofō btained in [7] on the basis of an indirect and rather complex method may not always be quite reliable. Indeed, the rough but adequate estimation by Rowlinson and Widom [6] results in the simple correlation¯= 1:12¢a/3 between¯and a, which gives for n-Pentane the value 2; 2 ¢ 10 ¡10 m.
The agreement between theoretical and experimental values of¯becomes much better for higher alkanes. For n-alkanes our calculations have carried out using the RISM model [18] which uses the radial distribution functions for groups (-CH 2 -, -CH 3 -) instead of the radial functions for all spherical molecules. The results of calculations are presented in Fig. 2 and in Table 1 . 
Discussion
According to the results presented in the previous section, the size dependence of the surface tension for small objects of di®erent nature (nonpolar and polar molecular°uids, metal melts) have, in general, the same form corresponding to curve 1 in Fig. 3 . Moreover, the reduced size dependences ¼ ¤ (R ¤ ) practically coincide if the linear parameter a, i.e.
the e®ective molecular or ionic diameter is adequately chosen. Some others form of the ¼ (R) dependence (curve 2 in Fig. 3 ) was obtained [19] by the density functional method. The main distinction between the curves 1 and 2 is that the curve 2 has a maximum. On one hand, this is of interest and results particularly in the negativity of the Tolmen length¯for the`tail' of the curve ¼ (R). On the other hand, the above mentioned maximum is very small, at least for nanodroplets z . More importantly, the speci¯c excess free energy ¼ (R) is considerably decreased, following the linear Rusanov formula (3) for R less than some critical value R c . Hence, the size dependence of the surface tension may be approximated by two rectilinear segments, as z More noticeable increasing of ¼ at decreasing the small object size takes place for perfect nanocrystals (see our paper [20] )
follows: (13) for all the investigated systems ( Fig. 3(b) ). At R > R c only the small object may be treated as an autonomous thermodynamic phase containing a central core corresponding to the structure of the bulk phase. At R < R c , the bulk and the surface regions cannot be separated in the object under consideration, i.e. the particle under consideration becomes a kind of`surface object'. According to (13) , the critical radius R c may be estimated from the equation
The values of R c found from Eq. (14) are presented in the Table. For molecular systems R c = (0:5 ¡ 1:0) nm, i.e. corresponds to very small clusters containing N 6 30 molecules. For metal melt nanodroplets R c º 4 nm, i.e. the number of ions N º 10
4 . The results obtained show that stable metallic particles are expected to exist with the structure di®erent from the structure of the corresponding bulk maternal phase. Analyzing the method used in this paper, a conclusion can be made that the characteristic radius R c corresponds to the correlation sphere radius in the bulk maternal phase. The conclusion agrees with our theoretical results on stability conditions for nanoparticles [21] as well as with the results laboratory [22] and computer [23] experiments. Presumably, R = R c corresponds to a speci¯c phase transition when the two-phase heterogeneous system (R > R c ) is transformed into a thermodynamically homogeneous system containing micro-heterogeneities of very small radii R < R c . Such objects cannot be interpreted as autonomous phase particles. A more detailed discussion on this topic is beyond the scope of this paper.
Conclusion
The results of our work show that Gibbs thermodynamics may be extended to nanosized objects if the size dependence of the surface tension (the speci¯c excess free energy) is adequately taken into account.
